Abstract Standardized regional mean annual rainfall series are analysed over the period 1951-1989 from a data set of 891 rainfall stations which covers 23 countries of West and Central Africa. Missing values are estimated by using regionalized indexes computed on the basis of a morpho-climatic delimitation of 44 homogeneous climatic units. Searches for statistical discontinuities in rainfall series show no discontinuity for most units of Central Africa. For several units of West Africa the first discontinuity occurs at the end of the 1950s. The main discontinuity period occurs between 1968 and 1970, followed by a second one at the beginning of the 1980s. Rainfall deficit is greater north of 10°N, and is also important in the Guinean Mountains and on the northern coast of the Gulf of Guinea, west of the Atakora Mountains. Regions leeward of mountainous areas experienced moderate rainfall decrease.
INTRODUCTION
The rainfall variability in Africa has been studied by numerous authors since the beginning of the recent drought period in the 1970s. Many studies focused on the Sahelian areas (Winstanley, 1973; Bunting et al, 1976; Lamb, 1978 Lamb, , 1982 Nicholson, 1979; Olivry, 1983 Olivry, ,1987 Farmer, 1988; Lamb & Peppier, 1992; Hulme, 1998) . Authors also compared Sahelian rainfall with rainfall over other African regions, especially in West Africa, but also in Central Africa (Sircoulon, 1976 (Sircoulon, , 1985 Lambergeon, 1977;  Open for discussion until 1 October 2001 Motha et al, 1980; Nicholson, 1980 Nicholson, , 1983 Camberlin, 1990; Hulme, 1992) . Rainfall fields were divided into smaller regions to describe better the local variations, and also to allow correlations with other climatic parameters (Nicholson, 1981; Nicholson & Entekhabi, 1986; Nicholson el ah, 1988; Janicot, 1990 Janicot, , 1992 . This paper presents the results of a study of the rainfall trends and variability in West and Central Africa, in the area of the Atlantic monsoon flow over the period . The intention was to improve several aspects of former studies: (a) collection of rare data for several countries, usually less studied (Gautier et al, 1998) , e.g. Sierra Leone, Liberia, Guinea, Zaire, Angola, Ghana and, to a lesser extent, Nigeria; (b) addition of several regional subdivisions on the basis of coastal marine and mountain effects; and (c) reconstruction of annual missing values by using a new automatic method developed at ORSTOM (which is now TRD-Institut de Recherche pour le Développement). The recent drought period was assessed according to statistical tests of discontinuity years in the time series.
ORIGIN OF DATA AND DATA PROCESSING

Data collection and quality
Data were collected over the WMO reference period 1951 WMO reference period -1980 WMO reference period , updated to 1989 , at the beginning of this study. IRD, CIEH (Centre Inter-africain d'Etudes Hydrauliques) and ASECNA (Agence pour la SECurité de la Navigation Aérienne en afrique) built a daily rainfall database for 13 African countries (CIEH, up to 1965 (CIEH, up to , 1966 (CIEH, up to -1980 . The data set was completed for the whole area (Sierra Leone, Liberia, Ghana, Nigeria, Guinea Bissau, Angola, Equatorial Guinea, Zaire, Gambia, Guinea). Data were also found in periodic publications such as those of Centre Régional de formation et d'Application en aGRonomie et HYdroMETéorologie opérationelle (AGRHYMET, 1985 (AGRHYMET, -1989 ; Instituto de Investigaçao Agronomica de Angola (IIA, 1966 (IIA, -1975 ; World Weather Records (WWR, 1944 (WWR, , 1947 (WWR, , 1967 Ghana Meteorological Service (1952 -1969 NOAA (1949 NOAA ( -1985 NOAA ( , 1961 NOAA ( -1970 and Nigeria Meteorological Service (1949-1996) . The quality of the CIEH database was previously checked by IRD (L'Hote, 1985) . These data represent two-thirds of the data collected. The other data were controlled individually. There are 891 stations for 23 African states in the final database. The mean density is about one station per 11 000 km2 for a total surface of 9 700 000 km2. The references cited for data often show time series ending in 1980 or even before. Most of the recent data series were collected by directly contacting the national meteorological services and some individuals or private companies. Thus recent data (up to 1989) were received from the meteorological services of the following countries: all French speaking countries (except Zaire), Guinea Bissau, Sierra Leone, Ghana, and Angola. For Zaire, Liberia and Nigeria, recent data, as well as old ones, were received from personal contacts. Schupelius (1976) , Farmer & Wigley (1985) and Snijders (1986) showed that in tropical Africa, data from a single site may have little regional significance. The regional vector method (MVR) was developed by IRD (Hiez, 1977; Cochonneau et al., 1992) in order to generate regional rainfall values inside regions of homogeneous climate (climatic units). The analytical basis of the method is described in these references. In each climatic unit, missing values are reconstructed on the basis of the reference series, with a correction factor for each station. Wotling et al. (1995) compared "MVR estimated rainfall" with observed rainfall for a database of 250 stations. Statistical tests show that both the "simulated" and "observed" samples belong to the same population, and that their distribution functions are the same (Table 1) . Finally the interannual averages (for the whole period were calculated for the data series of each climatic unit (average of all stations) with and without reconstruction. The difference between the series, reconstructed and raw data, is very low: 1.05% on average, ranging from 0.01 to 7.83%. For only 10 units out of 44, the difference is higher than ±2.00%. There is no systematic shift of the average values of climatic units due to the reconstruction. The gaps are randomly distributed in the data series. Thus, reconstructed data series do not concern a whole country for a whole period, but only a limited number of stations for a limited period of time. The risk that fictitious discontinuities might arise in time series is very limited. The climatic units Three techniques are used for the regionalization of rainfall fields in Africa: (a) factor analytical techniques such as principal component analysis, used by Klaus (1978) , Ceron et al. (1984) , Janicot (1985) and Chaire (1988) ; (b) similarities in the seasonal and annual distribution of rainfall, and some other variables, used by Lamb (1978) , Nicholson (1980 Nicholson ( , 1981 , Nicholson et al. (1988) , Motha et al. (1980) , and Farmer (1988) ; and (c) division of the space in regular small areas, used by Lambergeon (1977) (nine square areas) and Janicot (1990 Janicot ( , 1992 ) (four square areas). 
The regional vector method (MVR)
This study mainly used the regionalization of Nicholson et al, (1988) and the results of Janicot (1992). Nicholson's regions were delimited using rainfall characteristics and linear correlations; homogeneity of the regions with respect to interannual variability was confirmed using an F-test (Nicholson, 1986) . Local modifications were brought to these basic delimitations ( Fig. 1) , after taking into account results of numerous hydrological and climatological studies which were edited by IRD for African countries (Central African Republic, Benin, Gabon, Cameroon) or Rivers (Niger, Gambia, Volta, Lake Chad, Konkoure, Senegal). Other studies used were about Angola (Quintela Goi's, 1972) , and Guinea Bissau (Mineiro, not dated) . The map of rainfall for West and Central Africa shows rapid changes in annual rainfall near coasts or near mountainous areas (L'Hote & Mahé, 1996) . Local mountains (Fouta Djalon, Guinean Mountains, Atakora Mountains, Jos Plateau, Cameroon Highlands and Chaillu Mountains (Gabon)) receive a higher amount of rainfall compared to that received in the neighbouring areas. Coastal areas are either wetter or drier than the contiguous continental areas: they are wetter along the Guinean to Liberian coasts, between Abidjan and Axim in Ghana, in south Nigeria, coastal Cameroon and north Gabon; and they are drier along the coast of Ghana, Benin and part of Togo, and along the coasts of Congo and Angola. Several units in Fig. 1 Diagram to show the 44 climatic units outlined for the homogenization of rainfall with the regional vector method, their names and the number of stations in each unit. The small frame shows the rainfall network of 891 stations and the political boundaries. Thick grey lines outline the eight larger hydroclimatic regions in which climatic unit values are averaged to simplify the comparison between annual rainfall departure series (see Fig. 2 ). coastal and mountainous regions were outlined in order to better describe these local variations.
GilMahéetal.
The final database: observed and reconstructed data Carbonnel et al. (1987) and Hubert et al. (1989) found a major discontinuity around 1970 in the rainfall time series of West African stations. Therefore, the stations which led to overestimation of the reconstructed values after 1970 (due to lack of supporting data) were eliminated from the study. Reconstruction of missing values in a climatic unit is possible only if observed data are available for at least three stations each year, with the aim to ensure a minimum validity to each area average. The average number of stations in each unit is around 20 (Table 2) . There are more than 80% of observed data from 1954 to 1973 (Table 3 ). For 95% of the stations there are more than 50% of observed data over the whole period from 1951 to 1989 (Table 4 ). There are 74.5% of observed data and 25.5% of reconstructed values in the database (Table 2 ). There is a very low level of reconstructed values in West Africa, a higher one in Central and Equatorial Africa and the maximum is for Angola, Zaire, Liberia and Sierra Leone. Results for these countries must be read carefully, mainly after 1984 (except for Angola).
REGIONAL TRENDS ANALYSIS
Annual rainfall variations are analysed from standardized regional mean annual rainfall series, for the 44 climatic units (Fig. 1) , shown in Fig. 2 as groups of several units corresponding to eight climatic areas classified according to major climatological features, rainfall regimes, and to the slope of the interannual trend in each unit (from Mahé, 1993; Mahé & Citeau, 1993) . The standard series (Fig. 3) are linked to the interannual variability. A high value indicates high interannual variability, which might not always be correlated with a decreasing trend over the period (COTANG, BRAZZA and COTGASCO). When the rainfall decrease is more regular, it can be related to a low standard departure (SAHEST, TCHAD and other West African units). Figure 2 displays the departure series of 14 subsaharan units, north of 8°N: northwest, central and eastern Sahel. Long-term trends are decreasing for all series since about 1970 in the subsaharan areas and on the windward slopes of the Guinean Mountains-sometimes before 1970 in some parts of subsaharan areas (Sircoulon, 1985; Todorov, 1985) -with a maximum decrease in the northwestern area (Senegal, Mauritania, West Mali, North Guinea). The decrease is lower for eastern units like TCHAD and RCA. Nicholson (1980) and Farmer & Wigley (1985) showed that climatic fluctuations might occasionally exhibit a marked difference in the east-west direction. Significant subdivisions within subsaharan latitudinal zones were determined by Nicholson (1979) : 10°W, 2°E, 15°E and 28°E; Klaus (1978) : 0°; and Motha et al. (1980) : 5°W.
Sahelo-soudanian areas
Guinean Mountains area
Annual rainfall indices have been decreasing since the 1950s (Fig. 2, Guinea) . Deficits are very important everywhere except in the EGU1N unit, where rainfall departures have been weak since the beginning of the 1960s, while the 1950s were wetter. This unit is located on the leeside of the Guinean Mountains which stand in the trajectory of the monsoon flow and might reduce the interannual rainfall variability in the leeward areas. At the same latitude, the variability is greater in the BOBO unit (Central Sahel). Guillot et al. (1988) , reported a minimum of cold cloud occurrence in the EGUIN region.
North coast of the Gulf of Guinea
Rainfall annual amounts follow a markedly decreasing trend in Ivory Coast and Ghana (CRCIGHAN, SRCIGHAN and COTCOTIV) (Fig. 2, North coast) . The rainfall decrease is weaker in the centre and south of Togo and Benin (CTOBENI, STOGBEN), while the decrease becomes very weak in southern wet coasts of Nigeria (CSNIGA, COTNIGA), windward of the Cameroon Highlands. Interannual rainfall variations are higher on the coasts of the Ivory Coast (COTCOTIV) than in the CRCIGHAN inland unit. In Nigeria the interannual variability is very weak south of the Jos Plateau, and rapidly increases northwards.
Cameroon and Central Africa
The Cameroon Highlands are represented by two units, ADAMAOUA and MONTCAM (area of the Cameroon Peak) (Fig. 2, East Cameroon) . There are only slight interannual variations in these two units. In the MONTCAM unit, windward of the Cameroon Peak, the rainfall deficit is noticeable since 1984. In the three other eastern units, the rainfall is only slightly decreasing, and interannual variability is increasing from the west (leeside of the Cameroon Highlands) to the east.
West equatorial regions
From the south of Cameroon and the south of Central Africa, to Angola (Fig. 2 , Center west), the interannual variability is sometimes high, but the long-term decreasing trend is very slight. In S ANGHA, B ATEKE and BRAZZA units, the slight decrease of rainfall departure values seems to be related to some singular extreme events. The decreasing trend is more pronounced for the ANGOLA unit. The interannual variability is higher in the coastal units (COTNEQ, COTGASCO and COTANG) than in the inland regions (SANGHA, BATEKE and ANGOLA).
East and South Zaire regions
Farthest from the Atlantic Ocean (Fig. 2 , Center east) interannual rainfall variations are weak in the NEZAIRE and SZAIRE units, and higher in the CZAIRE unit. Minima are most often observed during the 1970s or 1980s, as in West Africa. The rainfall maxima are observed during the 1960s. East of the Zaire basin, beyond the rift valley, the rainfall trends are very different, as around Lake Victoria (Nicholson et al., 2000) .
DISCONTINUITY YEARS IN TIME SERIES
A variety of tests are used for detection of changes in time series, and recently Radziejewski et al. (2000) proposed an interesting method using phase randomization. For this study, the Khronostat 1.0 software (1998) was used to perform statistical tests of discontinuity in time series of every climatic unit. This software includes Pettitt (1979) , Buishand (1984) , Lee & Heghinian (1977) tests, and Hubert segmentation method (Hubert et al, 1989) to detect one or several (Hubert only) statistical discontinuity years in time series over the years . Discussions about the validity of the statistical tests are given in Lubès-Niel et al. (1998) . Results of all the four tests are very similar, except when the probability of a discontinuity is very low. Fig. 4 Percentages of rainfall deficit during the "after discontinuity" periods in comparison to the "before discontinuity" periods, according to the Hubert's method results (the last periods are used when several discontinuities occur). Climatic units without discontinuity in the series are shaded.
Figures 4 and 5 show the results with Hubert's method. The discontinuity year given is the beginning year of the second series.
There are 11 units for which there is no statistical discontinuity in the series, located for the most part in Central Africa or along the coasts of the Gulf of Guinea (Fig. 4) . Even if rainfall decreased (very slightly in some cases) over the period in those units, it seems not to be dramatic enough to change the characteristics of the distribution function of the time series. This confirms that the rainfall variability is different in Central Africa compared to that of West Africa during the period 1951-1989. The case of the JOS unit shows the limits of the Hubert segmentation method. This test gives no discontinuity, but the test of Pettitt & Buishand gave a discontinuity year in 1969, and Lee & Heghinian gave 1981. The rainfall decrease between the two periods 1951-1969 and 1970-1989 is about 10%, roughly the same as in the RCA unit eastwards, but may be more due to the influence of a few extreme dry events. One can assume that a discontinuity could have been detected by the Hubert method if the data series had had a slightly different internal arrangement. Figure 5 shows four maps of the climatic units, on which the units for which there is a discontinuity year detected within each decade are shaded, with the year values in the circles. The darkest areas indicate that there is a second discontinuity year for the same climatic unit. In several units of the northwest of West Africa, the first discontinuity occurs during the 1950s. For both of these units there is also a second discontinuity during the 1980s. It is in these regions that the rainfall shortage is the higher, and the runoff diminution the more dramatic (Mahé & Olivry, 1995; Bricquet et al, 1997; 1999) . The discontinuity occurs later, as shown for example by Thompson & Hollis (1995) in the north of Nigeria, and the rainfall shortage is less strong in the eastern Sahel units. For the EGUIN unit on the leeside of the Guinean Mountains, 1958 is the single discontinuity year for the whole time series, followed by 35 years of more stable rainfall. In EGUIN, LIBERIAE and LIBERIAW units, rainfall did not decrease as much as in most units of West Africa during the recent drought period.
For the majority of the regions of West Africa, the discontinuity year occurs at the end of the 1960s, between 1968 and 1970. The discontinuity year occurs before the end of the 1960s for the majority of units north of 12°N. South of 12°N, the discontinuity year in the series occurs mostly in 1970 in West Africa, and later in Central Africa (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) and Angola (1979) .
Rainfall deficit is greater north of 10°N, and is also important in the Guinean Mountains and on the northern coast of the Gulf of Guinea, west of the Atakora Mountains. The rainfall decrease in the south of Nigeria is weaker than that observed in Ghana or Ivory Coast, and occurs later, at the beginning of the 1980s.
The greatest rainfall decreases, in percentage, during the "after discontinuity" periods compared to the "before discontinuity" one, are observed in northwest Sahel and west of West Africa (-20% to -40%) (Fig. 4) . The decrease is smaller on the northern coast of the Gulf of Guinea, in Eastern Sahel, and in Central Africa. The lowest values are observed in equatorial areas-SANGHA, CZAIRE, NEZAIRE, and on the leeside of mountains-LIBERIAW, ADAMAOUA and CTOBENI to a lesser extent (which is related to the influence of the Atakora Mountains). Another interesting feature is the 8-12°N low rainfall decrease latitudinal band, which was already described by Nicholson (1981) and Janicot (1992) as a climate transition between the Sahelo-Soudanian area and the more humid southern areas. The rainfall decrease for recent years is lower in this area (RCA, JOS and BOBO units) than in the southern and northern adjacent units. In the EGUIN unit, the relatively low rainfall decrease value could be due to both a leeside effect (Guinean Mountains) and this zonal effect. The main associated climatological feature in these regions is that it is the average northern limit reached by the low pressure belt of the monsoon flow (where maximum rainfall occurs). Nicholson (1981) showed that rainfall decrease was not significant in south and southeast Nigeria and in the Cameroon Highlands, while the coastal areas north of the Gulf of Guinea experienced relative drought during recent years. The results of the present study showed that the area of lower rainfall variability was more a coastal one on the north coast of the Gulf of Guinea (COTGATBE and COTNIGA), and that the inland areas featured a rainfall decrease.
Over Central Africa discontinuity years occur at different periods according to the distance to the Equator. There is either no discontinuity or a single discontinuity in the 1970s or the 1980s in equatorial units (SANGHA-1973; CZAIRE-1979; OUBANGUI-1987) . Further north the discontinuity occurs in 1971 and 1972 (RCA and ADAMAOUA) . Finally the discontinuity occurs sooner in the TCHAD (1964) and SAHEST (1963) units.
CONCLUSION
The standardized regional mean annual rainfall departure series over the period 1951-1989 were analysed. The results are consistent with results of former studies and recent works e.g. Moron (1994) , Nicholson & Kim (1997) and Paturel et al. (1997 Paturel et al. ( , 1998 and confirmed the difference between West and Central Africa, according to the severity of the recent drought. The whole of West Africa, west of the Atakora Mountains, experiences the more severe drought that has been observed in the majority of stations. The long-term trend of rainfall series of Central African units showed only a slight decrease, which is partly due to some singular very dry years, and for many units no discontinuity is detected over the interannual time series. The east-west marked difference of rainfall variations in subsaharan areas was also observed, altogether with a more important decrease in the western part. By comparison, further to the east, the Lake Victoria outflow time series shows higher flow levels after 1960 than ever before (Sene, 2000) , but since 1960 the outflows keep on decreasing up to the end of the 1980s. The years of marked minima are 1968, 1976, 1983 and 1987 , from the weaker to the stronger, which correspond to major climatic discontinuities in West and Central Africa. The time series show two sequences, roughly wetter before 1970 and drier afterwards. Demarée & Nicolis (1990) proposed that the Sahelian drought should be a recurrent aperiodic event related to ongoing transitions between two stable states: "normal" and "dry".
However it is not only the Sahelian area, but the whole West Africa, west of the Atakora Mountains (the Togo-Benin boundary) that was affected by a great rainfall deficit. Some areas on the leeside of mountainous areas (the Guinean Mountains and the Cameroon Highlands) experienced moderate rainfall decreases, in regard to those observed in other regions located at the same latitude. The interannual decrease is also very low in most parts of Nigeria, east of the Atakora Mountains and south of the Jos Plateau, as already mentioned by Olaniran (1991) .
The deficit is smaller toward the Equator and is even unobservable on the coast and in the south of Gabon and Congo units: BATEKE, BRAZZA, SZAIRE, COTNEQ, COTGASCO and COTANG, this being confirmed by the negative results of the discontinuity tests in this area. This very slight decrease trend observed in the rainfall long-term series of the equatorial units led, however, to a noticeable decrease of the interannual mean runoffs of the equatorial rivers (Olivry et al, 1993; Mahé & Olivry, 1999) . That could be linked to a modification of the monthly distribution of rainfall, together with some drought years effect, as already described by Mahé et al. (1990) for the Ogooue River in Gabon.
